Background
Introduction
Several lines of evidence suggest that NEFA are involved in the pathogenesis of T2D via a reduction of insulin sensitivity and the promotion of pancreatic beta cell apoptosis and dysfunction [1] [2] [3] . Particularly in the context of metabolic syndrome, NEFA might represent an important link between obesity and insulin resistance [4, 5] . However, it is not entirely clear whether elevated serum NEFA levels in individuals with T2D or metabolic syndrome are a primary disease-inducing alteration or a secondary change [6, 7] .
Different NEFA species have distinct effects on insulin sensitivity, beta cell function and tissue inflammation in experimental setups [8] . SFA, for instance, are able to interact with toll-like receptor 4 (TLR-4) to induce proinflammatory signaling [9] , whereas PUFA, such as docosahexaenoic acid (22-6 n-3), inhibit these pathways, e.g., by binding to G protein-coupled receptor 120 [10] .
Previous studies have shown differences in the serum NEFA composition between individuals with T2D or metabolic syndrome and controls [11, 12] . We wanted to test the hypothesis that the serum NEFA profile is also altered in a specific cohort of young, normoglycemic individuals with a high risk for T2D, namely in women after GDM. We chose a recent history of GDM to select the at-risk cohort because no reliable biomarkers are available to identify T2D at-risk subjects while they are still normoglycemic. Women with GDM during a recent pregnancy however have an about 10-fold increased risk for subsequent T2D within 10 years and therefore represent a suitable population to address our research question [13, 14] . Women after a normoglycemic pregnancy were included in the study as controls. We also examined the associations of the fasting NEFA profile with body fat distribution and insulin resistance.
Subjects and Methods

Study population
Between November 2011 and December 2013 147 women were consecutively recruited within the prospective Prediction, Prevention and Subclassification of Type 2 Diabetes (PPS-Diab) cohort study [15] . Gestational diabetes and normoglycemia during pregnancy were diagnosed with a 75g OGTT between the 24 th and the 28 th week of gestation following the IADPSG criteria [16] . For this analysis, 111 women (62 cases after GDM and 49 controls) were included due to normoglycemia at the baseline visit between 3 and 16 months after delivery. Over 90% of the study participants were Caucasian. Exclusion criteria for this study were chronic diseases requiring medication except for hypothyroidism. Hormonal contraception was also permitted. Written informed consent was obtained from each subject and the study was approved by the ethics committee of the Ludwig-Maximilians-Universität München.
Anthropometric and clinical measurements
Weight and fat mass were measured using a bioelectrical impedance analysis (BIA) scale (Tanita BC-418, Tanita Corporation, Tokyo, Japan). BMI was calculated as the weight (in kilograms) divided by height squared (in meters). Hip and waist circumferences (WC) were assessed by tape measurements. Daily physical activity (m/d) was measured by a pedometer (AiperMotion 440, Aipermon GmbH & Co. KG, Munich, Germany). A 5-point 75 g OGTT was performed once. Normoglycemia was defined as fasting blood glucose <100mg/dl and 2 hour blood glucose <140mg/dl. During the OGTT, blood pressure readings were obtained three times from all subjects in a sitting position. A food frequency questionnaire (EPIC-FFQ) for the assessment of dietary nutritional intake was completed online by the majority of the study participants (n = 87) [17] . In a subgroup of women (n = 62, consisting of 37 cases and 25 controls) whole body fat and abdominal subcutaneous and visceral fat were measured with an axial T1w or mDixon magnetic resonance imaging (MRI) technique [18] on a 3.0 Tesla scanner (Philips Healthcare, Best, The Netherlands). Liver fat was assessed with fat fraction maps generated from mDixon sequences [19] .
Blood sample collection and analysis
Analysis of serum NEFA. After 30 minutes of coagulation time, serum monovettes were centrifuged at 2000 g at room temperature. Serum aliquots were then immediately frozen on dry ice and stored at -80°C until analysis. The total NEFA concentrations were determined by an enzymatic calorimetric method (NEFA Kit, Wako Chemicals, Neuss, Germany). For quantification of the NEFA species, 20 μl of each serum sample was mixed with 200 μl isopropanol (containing the internal standard) in a 96-deepwell plate. After centrifugation, the supernatant was used for NEFA analysis by LC-MS/MS as previously described [20] . The NEFA were identified according to chain length and the number of double bonds. The positions of double bonds were estimated by the relative frequency of the isomeric NEFA in the fasting human blood [21] . Forty-one out of 47 NEFA fulfilled the quality control criteria that the coefficients of variation (CV) were below 20% for all measurements. Serum NEFA concentrations were calculated as molar percentages of the total NEFA [21] . Enzyme activities were estimated by the following ratios of products to substrates: 18:1/18:0 for stearoyl CoA desaturase-1 (SCD-1), 18:0/16:0 for elongation of very long chain fatty acids protein 6 (EloVL6), and 20:4/20:3 for delta-5-desaturase (Δ-5 D).
Laboratory measurements and calculations. Serum insulin was measured with chemiluminescence technology (CLIA, DiaSorin LIAISON systems, Saluggia, Italy). Glucose concentrations from sodium fluoride plasma were determined using a glucose analyzer (with the glucose oxidase method, Glucose HK Gen.3, Roche Diagnostics, Mannheim, Germany). The following additional laboratory parameters were analyzed: HbA1c (VARIANT II TURBO HbA1c Kit-2.0, Bio-Rad Laboratories, Hercules, USA), hsCRP (wide-range CRP, Siemens AG, Erlangen, Germany), gamma-GT (enzymatic caloric test, Roche Diagnostics), triglycerides (enzymatic caloric test, Roche Diagnostics), cholesterol (enzymatic caloric test, Roche Diagnostics), HDL (enzymatic caloric test, Roche Diagnostics), and LDL was calculated with the Friedewald equation (all triglyceride levels were below 400 mg/dl).
The following protein mediators were measured in plasma samples: fetuin-A (ELISA, BioVendor, Heidelberg, Germany), leptin (ELISA "Dual Range", Merck Millipore, Darmstadt, Germany), adiponectin (RIA, Merck Millipore), and resistin (Quantikine ELISA, R&D Systems, Wiesbaden-Nordenstadt, Germany).
The Matsuda Index was calculated as described previously [22] and used to quantify insulin sensitivity. Additionally, the HOMA-IR was assessed as the product of fasting glucose and fasting insulin concentrations, and the adipocyte insulin resistance (Adipocyte-IR) index was calculated as the product of fasting total NEFA LC-MS/MS and fasting insulin concentrations [23, 24] . The disposition index was calculated from the OGTT to measure the relationship between insulin sensitivity and first-phase insulin secretion [25] . The rise in serum insulin during the first 30 minutes of the OGTT was used as a measure of the first-phase insulin secretion. The correlation of this measure with the first-phase secretion in the IVGTT was significantly better than that of the insulinogenic index in a substudy of the PPS-Diab study [15] .
Statistical analyses
The statistical analyses were performed with SPSS version 22.0 (SPSS Inc., Chicago, IL, USA). All numeric values are reported as median (first and third quartile) because the majority of the parameters were not normally distributed. Mann-Whitney U tests or a Chi-Square test were used to assess group differences. Multiple comparisons of the NEFA measurements were accounted for by Bonferroni correction. Those significant NEFA measurements from the Mann-Whitney U tests were further analyzed together with clinical parameters as independent variables by binary logistic regression models for the dependent variable pGDM status. The correlations between metric variables were calculated with Spearman's rank correlation coefficients (ρ) and with partial Spearman's rank correlation coefficients (ρ) with adjustment for BMI or total body fat volume. A p-value <0.05 was considered statistically significant. After Bonferroni correction alpha = 9.62e-4.
Results
Baseline characteristics
We included 62 normoglycemic women after a pregnancy complicated by GDM and 49 controls after a normoglycemic pregnancy in this analysis. The time from delivery to study inclusion was 3-16 months. The baseline characteristics of the study subjects are shown in Table 1 . The Matsuda Index of insulin sensitivity and the Disposition Index were lower among the women after GDM (p = 0.030 and p = 0.002, respectively), but the HOMA-IR and the Adipocyte-IR Index were not different between the groups. Although all of the study subjects were normoglycemic, the glucose concentrations were significantly higher at each time point of the OGTT in post-GDM group. Metabolic risk factors such as triglycerides, HDL, hsCRP, gamma-GT, BMI, body fat percentage by bioimpedance measurement and WC were similar in the two groups. In an MRI substudy (n = 62), we also found no significant differences in total body fat volume, abdominal visceral fat volume and liver fat content. The hepatokine fetuin-A was significantly elevated in women after GDM (p = 0.008), but the serum concentrations of the adipokines leptin, adiponectin and resistin were not different ( Table 2 ). There were also no significant differences in macronutrient consumption, as estimated by a food frequency questionnaire (EPIC-FFQ; S1 Table) .
Serum NEFA composition in women after GDM and controls
Total fasting NEFA concentrations did not differ between the women after GDM and controls (564.5 μM (407.0 μM-668.0 μM) vs. 548.0 μM (444.0 μM-681.0 μM), Table 3 ). The enzymatic measurement of serum NEFA and the calculated sum of all NEFA species as quantified by LC-MS/MS produced similar results (ρ = 0.86, p<0.001).
We were able to quantify 41 NEFA species by LC-MS/MS ( Table 3) . Monounsaturated fatty acids (MUFA) (46.4% (44.2%-47.8%) were predominantly present in fasting serum followed by SFA (39.5% (37.9%-40.8%) and PUFA (13.8% (13.0%-15.0%). The most abundant NEFA species were oleic acid (18:1 n-9), palmitic acid (16:0), linoleic acid (18:2 n-6) and stearic acid (18:0). The values are represented as the medians with interquartile ranges. If not stated otherwise n = 62 for the cases and n = 49 for the controls. At an exploratory level of significance (p<0.05) we found the following differences in the molar percentages of the various NEFA species in the post-GDM group compared to the controls: 12:0, 14:0, 16:0, 18:0, 26:0, and total SFA were reduced, and 18:1, 18:2, MUFA, total n-6 NEFA and the proportion of total n-6/n-3 NEFA were increased ( Table 3 , Fig 1) . Cases also showed a higher calculated SCD-1 activity (4.70 vs. 4.21, p = 0.010, Table 3 ), but no changes in EloVL6 or Δ-5 D activities. All differences remained significant with adjustment for BMI and HbA1c, except for 12:0 and 26:0.
After Bonferroni correction for multiple testing, only total SFA were still significantly different between women after GDM and controls (38.6% vs. 40.3%, p = 0.0002). Total serum SFA were unrelated to the daily dietary intake of these fatty acids estimated from the EPIC-FFQ (S2 Table) . We also did not observe a significant correlation with BMI, but found a negative association between SFA and estimated SCD-1 activity (ρ = -0.80, p<0.001).
Associations of NEFA species with body composition and insulin resistance
We examined the associations between the different NEFA species and clinical parameters of body composition (BMI, WC) as well as total body fat and abdominal visceral adipose tissue from the MRI substudy. The group of women after GDM and the control group were combined for this analysis. All NEFA species with at least one association with a Spearman ρ0.3 are shown in Table 4 Table 4 ). The associations of NEFA species with measures of adiposity were similar in women after GDM and controls, when we repeated the analyses separately in the two groups (data not shown). We observed no relevant correlations with a Spearman ρ0.3 of single NEFA species and insulin sensitivity (Matsuda Index).
Associations of essential fatty acids with dietary intake
Linoleic acid (18:2 n-6) and linolenic acid (18:3 n-3) are the only two fatty acids that cannot be synthesized endogenously. Over the whole study cohort, dietary intakes of 18:2 and 18:3 correlated with plasma levels of these fatty acids (ρ = 0.33, p = 0.002 and ρ = 0.23, p = 0.029, respectively). Furthermore, the sum of serum PUFA correlated with estimated PUFA intake (g/day) (ρ = 0.36, p = 0.001, S2 Table) .
Discussion
The main findings of this study are that in the fasting state the total serum NEFA concentration was similar in normoglycemic women with recent GDM and controls, but that differences between the groups existed in the NEFA composition. Women after GDM had a lower proportion of SFA and, at an exploratory level of significance, higher proportions of linoleic acid (18:2 n-6) and total n-6 NEFA. These differences were unchanged after adjustment for BMI and HbA1c. In a combined analysis of all study participants we also found positive as well as negative associations of several NEFA species with overweight/obesity. 14:0 and partially also 12:0 were inversely associated with abdominal visceral adiposity after adjustment for total body fat. Women after GDM have an at least 10-fold increased risk of developing T2D later in life but are normoglycemic early after the index pregnancy in most cases [14] ; thus, this population provides a unique opportunity to study an at-risk phenotype for T2D under normoglycemic conditions. This predisposition for T2D was also visible in our cross sectional data. Although the distributions of BMI, fat mass, liver fat, blood pressure, triglycerides and HDL/LDL cholesterol of the post-GDM group were similar to those of controls, the Matsuda Index and the Disposition Index were both significantly decreased. Hence, reduced insulin sensitivity and impaired beta-cell function were already present in these normoglycemic at-risk subjects.
Fasting serum NEFA are not directly derived from nutritional intake but primarily originate from adipose tissue storages [26, 27] . Thus, the association between the fatty acid composition of the adipose tissue and the NEFA profile in the fasting serum is strong [28] . Adipose tissue fatty acids are long-term markers of dietary fatty acid intake [21, 29] but also result from enzymatic modifications. Primarily, elongases and desaturases as well as enzymes involved in oxidation pathways affect fatty acid composition. The fatty acid-modifying enzymes for which connections to insulin resistance and T2D have been shown include delta-5, delta-6 and delta-9 desaturases (SCD-1) and elongase EloVL6 [30, 31] . SCD-1 is of particular interest because it is the rate-limiting step in the transformation of proinflammatory SFA to MUFA [32, 33] .
The significant difference in the SFA proportion between women after GDM and controls that we observed was small (median 38.6% vs. 40.3%) but independent of BMI and HbA1c. Its biological relevance nevertheless remains uncertain. Our results suggest that the lower proportion of SFA in the post-GDM group was caused by endogenous transformation of SFA to MUFA and not by different nutritional intake. However, it is possible that the food frequency questionnaire did not adequately represent all aspects of fatty acid intake. Nevertheless the calculated activity of SCD-1 was elevated in the women after GDM and inversely correlated with the SFA proportion. Our approach to estimate SCD-1 activity has been shown to reflect subcutaneous adipose tissue SCD-1 expression [34] . We previously showed that elevated plasma fetuin-A, a predictive biomarker for T2D [35, 36] , is also an independent risk marker in women with a recent history of GDM [15] . This finding was replicated in the present study. Since fetuin-A co-signals with SFA to induce adipose tissue inflammation [37] , one possible explanation for the lower SFA proportions in normoglycemic women after GDM is that this constitutes a compensatory response to higher fetuin-A concentrations. However, at this point this remains speculative.
At an exploratory level of significance we also found higher levels of the essential fatty acid linoleic acid (18:2 n-6) and total n-6 NEFA in the post-GDM group. These NEFA species are linked to inflammatory signaling, insulin resistance and T2D risk [38, 39] . Nutritional advice for a 18:2-poor diet might therefore have the beneficial effect of less arachidonic acid (20:4 n-6) production and anti-inflammatory eicosanoid synthesis [40] in individuals at risk for T2D, in particular in women with GDM.
Correlations between distinct saturated fatty acids including 12:0, 14:0 and 18:0 and insulin sensitivity were previously shown in 70 year old men with established T2D by Iggman et al. At an exploratory level of significance (p<0.05), the women after GDM exhibited reduced levels of 12:0, 14:0, 16:0, 18:0, 26:0 and total SFA and elevated levels of 18:1, the essential fatty acid 18:2, total n-6 NEFA and the proportion of total n-6/n-3 NEFA. Calculated SCD-1 activity was significantly increased in the post-GDM group. Only total SFA remained significantly different after Bonferroni correction. The red arrows in the diagram represent upregulation, and the blue arrows represent downregulation in the post-GDM group. doi:10.1371/journal.pone.0128001.g001 [41] . We were unable to reproduce these observations, probably due to the different study populations. We found that the saturated fatty acids 12:0, 14:0, 15:0, 20:0, as well as the monounsaturated fatty acids 15:1 and 20:1, were inversely correlated with BMI and other parameters of adiposity in our study. 16:3, 18:2, 22:4, 26:2 and 26:3 showed positive correlations. These BMIassociated changes in the fasting serum NEFA might be related to pathologic alterations of the adipose tissue in obesity, e.g. adipocyte hypertrophy [42] . The SFA 14:0 and to a lesser extent 12:0 were particularly interesting with respect to body composition because they showed an inverse association with visceral adiposity in a BMI-independent manor. A low serum concentration of 14:0 has recently also been identified as a biomarker of T2D [43] . This link may be explained by the inverse association of 14:0 with visceral obesity that we saw in our analysis.
The major strength of our study is the consecutively recruited, normoglycemic cohort of young women with very few confounding diseases or medications. Limitations include the cross-sectional study design, which precludes propositions about causality and the prognostic relevance of our findings. Cohort size also limited the statistical power of some of our analyses. We also cannot exclude the possibility that our findings in part represent changes that are induced by the prior GDM or its treatment. However, nutritional information collected by food frequency questionnaire showed no differences between the post-GDM and the control group. Finally, it is unclear to what extent findings from a cohort of young women can be transferred to the general population.
In conclusion, this study shows differences in the fasting serum NEFA profile between women with a recent history of GDM, i.e. a high risk group for T2D, and control subjects. The NEFA composition also varied with overweight/obesity but not with insulin sensitivity. These findings are probably only in part related to fatty acid intake and mostly the result of enzymatic modifications. Our data should be confirmed in larger clinical cohorts and experimental evidence will be required to test their pathophysiological relevance. 
